Iron is the most abundant transition element in airborne PM, primarily existing as Fe(II) 14 or Fe(III). Generally, the fraction of water-soluble iron is greater in urban areas compared to 15 areas dominated by crustal emissions. To better understand the origin of water-soluble iron in 16 urban areas, tail-pipe emission samples were collected from 32 vehicles with emission 17 certifications of Tier 0, low emission vehicles (LEV I), tier two low emission vehicles (LEV II), 18 ultralow emission vehicles (ULEV), superultra-low emission vehicles (SULEV), and partial-zero 19 emission vehicles (PZEV). Components quantified included gases, inorganic ions, EC/OC, total 20 metals and water-soluble metals. In addition, naphthalene and various classes of C12-C18 21 intermediate volatility organic compounds (IVOC) were quantified for a subset of vehicles: 22 aliphatic, single ring aromatic (SRA), and polar (material not classified as either aliphatic or 23 SRA). Iron solubility in the tested vehicles ranged from 0 -82% (average = 30%). X-ray 24 absorption near edge structure (XANES) spectroscopy showed that Fe(III) was the primary 25 oxidation state in 14 of the 16 tested vehicles, confirming that the presence of Fe(II) was not the 26 main driver of water-soluble Fe. Correlation of water-soluble iron to sulfate was insignificant, as 27 was correlation to every chemical component, except to naphthalene and some C12-C18 IVOCs 28 https://doi.with R 2 values as high as 0.56. A controlled benchtop study confirmed that naphthalene, alone, 29 increases iron solubility from soils by a factor of 5.5 and that oxidized naphthalene species are 30 created in the extract solution. These results suggest that the large driver in water-soluble iron 31 from primary vehicle tail-pipe emissions is related to the organic composition of the PM, 32 indicating the organic fraction of the PM influences the behavior and solubility of iron. 33 iron and this iron has been correlated to anthropogenic sources (Chuang et al., 2005; Luo et al., 52 2008; Sholkovitz et al., 2009). Even though total iron emissions from combustion sources are 53 small in comparison to crustal sources, the relative insolubility of crustal iron leads to the 54 possibility that combustion sources contribute 20%-100% of water-soluble iron into the 55 atmosphere (Luo et al., 2008; Sholkovitz et al., 2012).
downstream of the Teflon filter. The first set was 2 tubes connected in parallel. One of these 121 tubes was used to collect emissions during the cold start phase of UC (the first five minutes, 122 commonly referred to as bag 1). The other tube was used to sample emissions during the 123 combined hot-running and hot start phases of the UC (bags 1 and 2). The second set of sorbent 124 tubes was connected in series to collect emissions over the entire UC test. The flow rate was 0.5 125 L min -1 through each Tenax tube. The Teflo filter in Train 3 was used for total and water-soluble 126 trace element analysis and particle-bound iron oxidation state and is the focus of this study. 
Materials Preparation 128
All vessel cleaning and analytical preparation for the trace elements was performed under 129 a laminar flow hood with incoming air passing through a high efficiency particulate air (HEPA) handled with powder free nitrile gloves (Fisher), double bagged, and handled inside a 143 polypropylene laminar flow hood (NuAire, Plymouth, MN) . 144 The 47 mm Teflon filters were cleaned by submerging them in 10% trace metal grade 145 nitric acid and rinsing with MQ water. The filters were then stored in the acid cleaned Petri 146 dishes and sealed with Teflon tape for storage. 147 2.3. Water-soluble metals sample preparations 148 Water-soluble elements were extracted for 2 hours from the Teflon filter on a shaker table 149 in 10 mL of MQ water. The water extract was filtered with 2 µm pore size nitro cellulose filters. 150 The Teflon filter and the nitro cellulose filters were saved for total metals digestion. The water-151 soluble element extract was acidified to 5% trace-metal grade nitric acid and 2.5% trace-metal 152 grade hydrochloric acid to be analyzed by inductively coupled plasma mass spectrometry (ICP-153 MS, Agilent 7700). 154 2.4. Sample preparation for total elemental analysis 155 After the polymethylpentene ring was removed from the Teflon filters and ~3% 156 (measured exactly) of the filters cut and saved for X-ray absorption near edge structure period. (Cartledge and Majestic, 2015) The samples were cooled to room temperature for 1 hour 164 and the solution was diluted to 15 mL with MQ water and analyzed via ICP-MS. 
Elemental analysis 166
Blank filters and standard reference materials (SRMs) were digested alongside the 167 exhaust samples using the same digestion process described above. Three SRMs were used to 168 address the recoveries of our digestion process: urban particulate matter (1648a, NIST), San iron spots on the filters, a broad XRF elemental map of each sample was acquired at 10 keV 179 using 12 µm by 12 µm pixel size and 50 ms dwell time per pixel. µXRF spectra were 180 simultaneously recorded on each pixel of the map. Iron oxidation state and iron-bearing phases 181 were investigated using iron K-edge extended XANES. The spectra were recorded in 182 fluorescence mode by continuously scanning the Si (111) monochromator (Quick XAS mode) 183 from 7011 to 7415 eV. The data were calibrated using an iron foil with first derivative set at 184 7110.75 eV (Kraft et al., 1996) . All data were recorded using a seven-element solid state Ge detector (Canberra, ON). The spectra were deadtime corrected, deglitched, calibrated, pre-edge The uncertainty on the percentages of species present is estimated to be ±10%. GCxGC, the TIC signal corresponds to a blob, or a region in volatility and polarity retention 206 space. The GC-Image software package was used to create blobs from 2D chromatograms.
207
Compounds were quantified by relating their TIC signal to that of the nearest standard in terms of polarity and volatility. Volatility bins were defined that are evenly spaced with their center 209 elution times corresponding to each n-alkane. TIC blobs were quantified using the calibration for 210 the available standard of similar polarity in the same volatility bin. iron total), which were inserted into a jacked glass beaker temperature controlled to 25 °C. After 228 16 hr of stirring, 2 ml were filtered (0.2 μm) and acidified to 5% nitric acid. Soluble iron released from the soil both in the presence and absence of naphthalene was analyzed by ICP-MS.
230
Chemical changes in naphthalene in the presence and absence of iron were monitored by HPLC. for aluminum, which only showed a factor of ~2 increase in older vehicles ( The large ranges in iron solubility of the previous studies led us to explore and compare 275 the newer emission certification standard (Figure 1 and 2) . Total iron did not trend strongly with As no correlation between water-soluble iron and bulk chemical species was observed 298 (SI1 and SI3), the importance of the particle-bound iron oxidation state was investigated. Since
Iron correlations with bulk exhaust components and iron oxidation state

299
Fe(II) is known to be more soluble than Fe(III), the expectation was that exhaust samples having While the valence plot ( Figure 3 ) put sample 15 as mostly Fe(II), the LCF actually showed that it 311 was a mixture of Fe(0) and Fe(III). And, this sample contained only 10% water-soluble iron, less 312 than the cohort average. The study-wide solid phase iron oxidation state is primarily Fe(III) or 313 mixed oxidation state (Fe(III) and Fe(0)) (see Figure 3 ), averaging about 30% water-soluble iron, 314 well above the crustal background.
LCF XANES fitting (SI4) showed Fe(III) oxides and oxyhydroxides as the dominant group, elements below sulfur or high-Z elements above zinc was not possible in our experimental 320 conditions). Overall, these results strongly suggest that the main driver of water-soluble iron is 321 not associated with the particle-bound iron oxidation state. Further investigation for the LCF
322
XANES fitting showed that 34% of iron speciated was Fe(III)-oxyhydroxides associated with 323 organic material, leading to the investigation of longer chain IVOC and naphthalene (SI6). shows relatively strong correlations between water-soluble iron and some of the IVOC species.
332 Figure 4 presents the classifications which have the strongest correlation with water-soluble iron.
333
Water-soluble iron relationships with other IVOCs can be found in the supplementary 334 information (SI8). The correlation to water-soluble iron is highest for IVOC-polar species with 335 16 carbons (R 2 = 0.56).
336
As water-soluble iron trends well with naphthalene and polar-IVOCs, but not with bulk 337 EC or OC, it is highly suggestive that iron solubility from the direct emission samples is 338 primarily dependent on interactions with the species of carbon present in the particles during the 339 extraction process. To better understand these interactions, a preliminary laboratory study was 340 conducted to explore both i) the effect of these organic compounds on iron solubility and ii) the 341 effect of soluble iron on the oxidation of organic compounds during the extraction process.
342
Specifically, when naphthalene was added to an insoluble iron source (a soil), iron solubility 343 increased from 0.8 to 4.2 % of the total, or by a factor of ~5.5, showing that the addition of 344 naphthalene, alone, can have a significant effect on iron water solubility and that this effect 345 likely is important during the extraction process. formed from naphthalene during these extractions. Figure 5 shows the new oxidized products 353 formed from naphthalene during the water extraction. In the presence of soluble iron, HPLC 354 retention time analysis shows the presence of phthalic acid (12.5 minutes), phthalic anhydride 355 (7.5 minutes), and naphthol (15 minutes). The peaks at and below 5 min were not identified but, There are at least two methods in which organic compounds can lead to increased iron 360 solubility: a) reduction of Fe(III) to Fe(II) or b) bringing soluble iron into solution via chelation.
361
The first one is generally achieved by photochemistry (Pehkonen et al., 1993) , which is not 362 directly applicable to this study. The second, chelation, generally requires oxidized functional 363 groups as shown in Figure 5 . predominately Fe(III) (Figure 4 ). In addition to the Fe(III), it has been shown that H2O2 forms in 370 PM2.5 water extracts and it been speculated that this formation is from various transition metals 371 and/or quinones found in PM2.5 (Wang et al., 2012) . 
Conclusions
388
This study shows water-soluble iron is directly formed from vehicle exhaust. The results
389
show that iron is solubilized in water by specific organic compounds present in automobile 390 exhaust, and that soluble iron is not necessarily dictated by the overall OC content. Thus, the 391 implication is that anthropogenic water-soluble iron is a result of chelation from specific organic 392 compounds, likely their eventual aqueous reaction products. Although the mechanism of these 393 aqueous transformations were not directly measured in this study, based on Fenton chemistry, 394 the primary compounds are expected to be oxidized versions of naphthalene and/or IVOCs 395 (Ledakowicz et al., 1999) . Since these oxidation reactions occur fairly quickly (i.e., during the 396 water extraction), further studies are of interest to better understand how these organic 397 compounds interact with iron as it enters atmospheric waters and, also, the photo-chemical 398 interactions between iron and organics. production and gene expression in alveolar macrophages exposed to PM2.5 from Baghdad, Iraq:
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